INTRODUCTION
IN an investigation into the effect of the environment on a directional selection programme in Drosophila melanogaster Lawrence (1964) suggested that temperature may be able to exert an important influence in two ways. Firstly, on the overall rate of response to selection, and secondly, on the disruption of selection plateaus. The nature of the mechanisms involved in these phenomena have been examined further by a study of the influence of temperature and selection on a population, particular attention being given to their joint effects on fitness (Barnes, 1966) .
In a study of this kind a metric for assessing changes in fitness of a population was required. In the literature several suitable metrics have been proposed. However, as fitness must in all cases refer to the ability of an organism to leave offspring, and thereby contribute to the gene pool of subsequent generations, the yield of progeny was used for assessing systematic changes in fitness.
This paper is concerned with an analysis of the genetic system controlling yield, as a knowledge of the components determining the variation wili be of obvious importance for any interpretation of changes in the yield of populations subjected to directional selection.
MATERIALS AND METHODS
For the purpose of this analysis the parental, F1, F2 and backcross generations, including all reciprocals, of the two long inbred lines of Drosophila melanogaster, Oregon, 0, and Samarkand, S, were raised in each of three fully randomised blocks set up on the same occasion. The single pair matings were set up in 3 x 1 inch vials where the flies were held for two days at 250 C. before being transferred to the customary one-third pint milk-bottles. Each cross was set up in triplicate within each block and two of the cultures were chosen at random to be scored. The yield of progeny was then scored over a period of five days. All other technical details were those usual for experiments with Drosophila.
RESULTS
The results as the mean yield over duplicates and blocks are shown in An analysis of variance was performed to test the difference between the generation means and the consistency of the effects over blocks. The results are given in table 2.
All items in the analysis were tested initially against the pooled duplicates mean square as this was homogeneous over blocks. Only the comparisons of particular interest have been shown, all non-significant reciprocal comparisons have been omitted from the table.
The analysis indicates that there is no significant difference between the parents with respect to yield (comparison P1 v P2, where P1 and P2 are the mean yields of Oregon and Samarkand respectively). No reciprocal differences were detected in the F1 or F2 generations. With regard to the test for heterosis, a slight modification of the usual procedure was adopted. In most experiments involving the crossing of two inbred lines the two parental lines differ for the character under examination; we would demonstrate heterosis by showing that the F1 was significantly greater than the better parent. In this case, however, the two parental lines did not differ significantly in yield and therefore heterosis was demonstrated by showing that the F1 yield was significantly greater than that of the mid-parent. The item P v F1 was significant indicating heterosis for yield. The comparisons within the backcrosses show that there is a highly significant difference in those crosses in which the F1 is used as female parent, compared with those in which the inbred is used, indicating the superiority of the F1 as mother as compared with the inbred as mother. Moreover, the F2 mean is significantly greater than the F1 mean, which is most easily explained as a further manifestation of this maternal effect. There was no significant difference between blocks or any evidence of an interaction between blocks and families.
The analysis, therefore, indicates that both the progeny's own genotype and the maternal genotype are of importance in determining yield.
The results of this experiment also provide a means of assessing whether the variation observed in the generation means can be explained on an additive basis, or whether interactions between genes at different loci are important. This can be achieved using a scaling test developed by Cavalli (1952) and used by Jinks (1954a Jinks ( , 1955 Jinks ( , 1956 A comparison between the observed and expected generation means can then be effected as the sum of squares minimised in the fitting process -Eg)2, where I is the amount of information about the generation mean and g is the observed value of the generation mean, is distributed as a 2 with the degrees of freedom equal to the number of generation means minus the number of parameters estimated. 
The values of the parameters estimated together with the results of the scaling test are shown in table 4. The x2 test shows that the model adequately summarises the data. Hence there is no evidence of any non-allelic interactions. The important components of the model are dominance in the direction of higher yield, together with a maternal effect associated with the F1.
This experiment raises two questions. What is the nature of the superiority of the F1 over the parents, and of the F2 over the F1? While the F1 heterosis is associated with the genotype of the progeny, and therefore important in the egg, larval and pupal stages, that determining the superiority of the F2 is a property both of the progeny's own genotype and the genotype of the F1 mother and is presumably mainly important in determining the number of eggs produced and in the hatchability.
A comparison of the magnitudes of the components shows that the heterosis determined by the progeny's own genotype is of minor importance when compared with that determined by the F1 maternal genotype. In the scaling test the parameter [f] was estimated to take into account this maternal effect on an additive scale; we have no indication, therefore, from this source as to the importance of additive, dominance, or interaction components in respect of the mechanism determining the maternal effect. For this reason a further yield experiment was designed to separate the effects of the progeny's own genotype and of the maternal genotype, and more important, to assess the relative magnitudes of the additive, dominance and interaction components of the maternal genotype on yield.
The crosses raised in this experiment are shown in table 5. In the crosses involving a segregating generation, for example F2 x 0, the female parents were chosen at random from the F2 generation, and crossed singly to Oregon males. The yield of progeny over a period of five days was scored from a sample of seven cultures of the crosses having a mother chosen from a nonsegregating generation and from fifteen cultures of the crosses having a mother chosen from a segregating generation. The whole experiment was set up as a single randomised block.
The results of the experiment, as the mean over replicates, together with the model that was tested initially is shown in table 5.
In the weighted least squares estimation of the components only two 
The scaling test shows there is a highly significant departure of the observed from the expected generation means. The maternal effect of the F1 cannot be accounted for on the basis of an additive and dominance component. A more realistic model may be fitted on the basis of the following considerations. The previous experiment showed that the heterosis dependent on the progeny's own genotype can be accounted for principally by a dominance component. There is no evidence showing the importance of non-allelic interactions. We need be concerned, therefore, with interaction components for the maternal genotype only. A model containing [hp] , [hm] and a maternal interaction component seems most appropriate.
In the literature there are three principal ways for the specification of nonallelic interactions for the case of two loci, the Fco metric (Hayman, 1 954a), the mixed-metric (Hayman 1 954a; Hayman and Mather, 1955) , the F2-metric (Hayman, 1955 (Hayman, , 1958 Kempthorne, 1957) . The relative merits of these methods have been discussed by Van der Veen (1959) . The F metric has been used here in specifying the non-allelic interaction components of the maternal effect.
Following the notation of Hayman and Mather (1955) , m denotes the origin, da, db, ha, hb have the same definitions as given earlier in this section, but extended to the two gene case. For the specification of non-allelic interactions three parameters are required: ab is the interaction of da and db and is termed the homozygote-homozygote interaction; Ia/b and lb/a are the homozygote-heterozygote interactions, respectively, of da and hb, and db and ha; 1ab is the heterozygote-heterozygote interaction of ha and hb.
The model fitted to the generation means, together with the results of the scaling test are shown in The non-significant x2 shows that the model adequately summarises the data. The variation observed in the generation means is ascribable to dominance and interaction components of the maternal genotype. The dominance effect of the progeny's own genotype is only of borderline significance.
DISCUSSION
We can turn now to consider the nature of the heterosis observed for yield in the F1 and F2 generations. The studies on yield have shown that there are two systems of heterosis that we must be concerned with. The first, the heterosis of the F1, is determined by the progeny's own genotype. As egg hatchability is determined principally by the maternal genotype, this heterosis presumably results from the increased larval survival of the F1. Bonnier (1961) has demonstrated that the proportion of freshly hatched larvae that reached eclosion was higher in the hybrids between three unrelated wild-type stocks of D. melanogaster than in the stocks themselves. The second, the heterosis of the F2, is a property of both the progeny's genotype and the maternal genotype, although, as we have seen, the second of these seems to be the most important. This heterosis of the F1 mothers most probably results from their increased egg laying capacity. This has been demonstrated to be an important component of heterosis in hybrids of D. melanogaster by Bonnier (bc. cit.) .
The possible genetic mechanisms determining heterosis have provided material for controversy over the past fifty years. The fundamental point at which these theories diverge is whether the extra vigour of the hybrids results directly from heterozygosity per Se, or whether it is manifestation of a superior gene content possible in a hybrid where both parental gametes bring in desirable genes. A consideration of this point was discussed at some length by Mather (1955) .
The heterozygosity per se interpretation requires the phenomenon of overdominance (Hull, 1945) . Jinks (1955) , using a method of analysis which allows the discrimination between heterosis arising through overdominance and that arising from interaction between non-allelic genes, analysed certain data published on a wide variety of material and showed that in those cases exhibiting apparent overdominance, non-allelic interaction was also present. In addition, in those cases where the effects of interaction could be reduced in the data, by removing lines showing extreme interactions, the apparent overdominance was reduced.
The importance of the balance of non-allelic interaction components, together with those for additivity and dominance, in determining heterosis has been demonstrated by Jinks and Morley Jones (1958) . Heterosis is defined as P1 -P0, where P0 is the better parent. This difference is equal to In the absence of non-allelic interactions, however, heterosis must be due solely to the additive and dominance components, that is [h] is greater than [d] . Two situations may be recognised which can give rise to this effect.
Firstly, it may be a reflection of the gene distribution in the parents (Jinks and Morley, 1958) . The parameter r may be taken as a measure of the degree of association or dispersion of the genes in the parental lines, such that when r 1, P1 contains all the dominant increasers, and when r = -this holds for P2. Under these conditions the definitions of the components of generation means become:
When the dominant increasers are dispersed in the parental lines, r-O, the value of [J] will be reduced relative to the size of [h] .
However, if we have association of the genes of greater effect, r = 1, then heterosis is due solely to the fact that Eh is greater than Ed. This means that at many loci the heterozygote is superior to either homozygote.
If we now return to the observed results, we have seen that for the heterosis determined by the progeny's own genotype, [d] has been estimated as not significantly different from zero, while [hp] was significant. There was no evidence of any non-allelic interactions.
The investigation of the heterosis dependent on the F1 maternal genotype showed that additive effects, [dm], were not significantly different from zero.
The principal components were dominance in the direction of high yield, together with an interaction component, analogous to classical duplicate genes. a system of dispersed genes is involved. The importance of dispersion in the two parental lines has been shown, at least for the genes governing sternopleural chaeta number, by the behaviour of high directional selection lines (Barnes, 1966) . This mechanism, rather than a system of genes showing overdominance, is also in agreement with changes of yield observed in random mating lines maintained by double first cousin matings. A system involving overdominance for the major component of fitness, namely the maternal effect, would require that the maximum fitness was achieved only with maximum heterozygosity of the mother. However, random mating lines maintained a high average yield over 40 generations of double first cousin matings (Barnes, 1966) . This is not consistent with a heterozygosity per se interpretation.
The final point we may consider concerns the type of genetical architecture displayed by this character. Yield was governed by a system showing strong unidirectional dominance towards high expression, together with highly significant interactions analogous to duplicate genes of classical genetics.
This type of genetical architecture may be related to the forces of natural selection to which the character has been subjected. Fisher (l928a, l928b, 1929 Fisher (l928a, l928b, , 1930 , postulated that where two alleles exist together in a population, natural selection will favour those heterozygotes whose phenotypic expression is changed, by modifiers, towards the phenotype of the homozygote carrying the more favourable allele. Mather (1960 Mather ( , 1967 and Breese and Mather (1960) have extended this interpretation to include characters governed by polygenic systems. If we consider first characters which have a central optimum, with both extremes at a disadvantage, then we would expect natural selection to be stabilising in action; with stabilising selection dominance might be expected to be incomplete and ambidirectional. However, if we turn now to characters in which high expression in one direction is unconditionally favoured, as with directional selection, then genes pulling in that direction will be expected to show dominance over their alleles. Directional selection will be expected, therefore, to lead to unidirectional dominance.
The evolution of interactions may be expected to follow a similar pattern.
This problem has been discussed by Mather (1960 Mather ( , 1967 . He points out that the conditions necessary for complementary gene interaction must always lead to an increase in the variance of the generation, while the conditions necessary for duplicate gene interaction tend to reduce the variance below the value it takes in the absence of interaction.
Continuing directional selection towards a single optimum phenotype will be expected to favour a reduction of variation. Mather (1967) suggests, therefore, that when natural selection is directional we would expect the evolution of duplicate type interactions. Thus, a system of unidirectional dominance together with duplicate gene interaction will maintain uniformly high fitness in the population.
In Drosophila the total number of progeny produced by a single pair mating, as there is no maternal care involved, has been subjected to continuing directional selection. In the present study the observed genetical architecture of yield conforms to that expected, unidirectional dominance for high expression together with marked duplicate type interactions. This type of architecture has been demonstrated also for viability (Breese and Mather, 1960) , hatchability, egg production, egg-pupal survival (Keller and Mitchell, 1964) and hatchability (Kearsey, 1966) all in Drosophila, and time to fruiting in Collybia velutipes (Simchen, 1965) .
This situation may be contrasted with that observed for characters subjected to stabilising selection. Sternopleural chaeta number in D.
melanogaster has been demonstrated to be under stabilising selection (Barnes, 1968 ) and the genetical architecture found is in accordance with this type of selection, i.e. principally additive variation, little evidence of dominance and no interactions. Other characters which have been demonstrated to conform to this genetical architecture are birth weight in rats (Jinks and Broadhurst, 1963) , flowering time in J'ficotiana rustica (Jinks, 1954) , and in Papaver dubium (Lawrence, 1965) , number of abdominal chaeta (Breese and Mather, 1957) and body weight (Kearsey and Kojima, 1967) in Drosophila melanogaster.
The results of the present study, taken in conjunction with the accumulating evidence in the literature, suggest that it is possible to infer the type of selection that a character has been subjected to from a consideration of the nature of the genetical architecture displayed by the character.
5. SUMMARY 1. The genetic system governing yield in Drosophila melanogaster has been investigated by estimating genetic components of generation means.
2. Two systems of heterosis were found. One system, dependent on the individual's genotype, could be ascribed to unidirectional dominance. The other, dependent on the maternal genotype, showed dominance and duplicate type interaction; overdominance was excluded.
3. This type of genetical architecture has been related to the type of natural selection to which the character has been subjected.
